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ABSTRACT
In Scanning Electron Acoustic Microscopy (SEAM) an electron beam with the
beam current impacting a target site is modulated at acoustic or ultrasonic fre-
quencies. The absorbed energy of the electrons results in a time-varying thermal
expansion that leads to acoustic and ultrasonic waves to be launched into the
substrate. The waves are detected using a piezoelectric transducer. As the elec-
tron beam is scanned, SEAM produces images that are indicative of the target
thermal properties and ultrasonic wave properties.
SEAM has been shown to produce images that are useful in characterizing
thermal and elastic properties, in the MHz frequency range. The main contrast
mechanism is understood to be due to heat induced acoustic waves. The resolu-
tion of SEAM imaging is determined by the thermal generation volume, which
is a function of the electron beam energy, electron beam focus diameter, ther-
mal diffusion lengths, and the ultrasonic wavelength. The research presented
in this thesis is motivated to extend the SEAM technique to the gigahertz range
in order to realize nanometer scale SEAM resolution. Gigahertz SEAM uses a
gigahertz modulated electron beam to generate a thermal acoustic wave and
uses a piezoelectric thin film of aluminum-nitride (AlN) as the transducer. The
resonance frequency of the AlN transducer is in the 1-2GHz range, enabling the
GHz-SEAM to be investigated.
In this thesis, the theoretical model for the generating acoustic wave is de-
veloped as a function of the electron beam modulation frequency. This model
demonstrates the potential to reach 10-100nm resolution with GHz-SEAM.
SEAM is validated with an electron beam modulated using an electrostatic par-
allel plate deflector, at both MHz and GHz frequencies. PZT transducers are
used at MHz frequencies and the measured output voltages on the transduc-
ers agree with theory. AlN transducers are used to sense the SEAM signals at
GHz modulation. The signal amplitude suffers from considerable RF coupling,
although data suggest that we can observe GHz-SEAM signals. The thesis pro-
poses new measurement approaches to increase the SNR in GHz SEAM experi-
ments in the future.
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CHAPTER 1
INTRODUCTION
Scanning Electron Acoustic Microscopy (SEAM) is a technique developed on
the basis of a scanning electron microscope (SEM). In SEAM an electron beam
(e-beam) with the beam current impacting a target site is modulated at acous-
tic or ultrasonic frequencies. The absorbed energy of the electrons results in
time-varying thermal expansion that leads to acoustic and ultrasonic waves to
be launched into the substrate. The waves are detected using a piezoelectric
transducer [1, 2]. SEM imaging occurs by the measurement of the bi-products
of the tightly focused electron beam and the specimen surface. The bi-products
include backscattered electrons, secondary electrons, Auger electrons, X-rays,
and photons of various energies. The bi-products are collected on detectors as
the e-beam is scanned over the specimen surface. SEM is regularly used to im-
age and analyze the micro- or nano- features of the specimen [3]. In SEAM,
the interaction product is an acoustic wave which is detected by a piezoelectric
transducer.
SEAM provides unique information in addition to the surface properties
provided by SEM. Unlike in SEM, the main contrast of SEAM images is a result
of the time-varying thermal gradient induced by the electron energy dissipated
in the sample. A SEAM image reveals the thermal and mechanical properties
at the site of the e-beam induced heat source. Other mechanisms that lead to
mechanical deformation of the specimen can also contribute to the SEAM sig-
nals. Contrast from these interactions provide additional electrical properties
and magnetic information [4].
SEAM can be readily compared to photo-acoustic imaging (PAI) and Scan-
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ning Acoustic Microscopy (SAM). In photo-acoustic imaging (PAI) an acousti-
cally modulated optical beam is absorbed in the sample, inducing an acoustic
wave due to the thermal expansion wave. In PAI the optical wavelength is typ-
ically in the visible range from 450-800nm, and the resolution is limited by the
best optical focus. SEAM has the potential for higher resolution because the
spot size of an e-beam can be focused to a much smaller size than a laser beam,
down to a few nm.
SEAM is also different from the well-developed scanning acoustic micro-
scope(SAM). Although both SAM and SEAM use acoustic waves as the infor-
mation carriers and are non-destructive, the contrast mechanisms are different.
In SAM, an acoustic wave is generated at GHz frequencies and is focused onto a
sample. The reflected and transmitted waves are transduced to image the sam-
ple. The resolution of SAM is limited by the ultrasonic wavelength which is
on the order of 5 − 10µm in the GHz frequency range [5]. SAM displays the
surface topography and thus surface elastic wave information of specimens
while SEAM signals are a function of thermal and elastic wave properties [6].
In SEAM, the acoustic wave carries thermal properties of the electron ebam ab-
sorption region. Images from SEAM have the resolution determined by the
wavelength of the thermal diffusive wave. The experiments in this thesis and
past work have shown ∼ µm resolution with a MHz chopped beam. GHz chop-
ping has the potential for improving the SEAM resolution to the ∼ 100s nm
range, as a much smaller thermal diffusion length determines the resolution.
2
1.1 Background
SEAM was first developed by Cargill [1] and by Brandis and Rosencwaig [2] in-
dependently in 1980s. Since then, a large number of materials including metals
[7, 8], semiconductors [9], and ceramics [10] have been imaged and analyzed
using SEAM. In these existing examples, the electron beam chopping frequency
ranges from 50kHz to a few MHz, and the electron accelerating voltage used is
from 10kV to 30kV.
SEAM has shown great potential in obtaining the thermal and elastic proper-
ties, subsurface structures, and target electric and magnetic information. SEAM
images can be obtained simultaneously with SEM operation. For example, Fig-
ure 1.1 compares images obtained from SEAM and SEM, showing that SEAM
provides more information on grain boundaries and crystal orientations [11].
Contrast shown in SEAM are due to varying elastic coefficients and acoustic ab-
sorption at different orientations. Figure 1.2 displays doping pattern on a GaAs
wafer, which illustrates the SEAM sensitivity to local thermal diffusivity coeffi-
cients modified by doping [12].
Though SEAM has been proved to succeed in imaging a variety of mate-
rials and provides more information than other methods, modeling of the re-
sults obtained to the actual material properties is a difficult problem for both
analysis and experiments. There are limited theoretical analyses of three di-
mensions stress field in plate samples. The contrast mechanisms, for example,
the magnetic coupling, phase shift due to electron deposition, are still not fully
understood. Higher resolution imaging is expected from analysis, but then the
achieved resolution is typically worse in practice [13]. A more elaborate trans-
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Figure 1.1: SEM(a) and SEAM(b) images of a polycrystalline copper.
SEAM shows brightness contrast at the boundaries, causing by
the elastic anisotropy.
Figure 1.2: SEM(a) and SEAM(b) images of a proton-bombarded GaAs
wafer. SEAM is able to image the doping pattern. The dark
section was proton bombarded, which modies the thermal dif-
fusivity.
ducer system is needed to operate with high frequency sound waves to achieve
higher resolution. E-beam with lower energy might be needed for fragile spec-
imen imaging. A representative application areas of SEAM involve character-
ization of microelectronics, MEMS structures, individual biological cells, and
tissues in 3D.
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1.2 Motivation and Approach
We attempt to enhance SEAM imaging to the nanometer range. A GHz chopped
e-beam will be used with a GHz resonant aluminum-nitride transducer array
system. The modulated e-beam generates a heat source ∼ 10s nm in diameter,
which determines the spatial resolution of the surface and near surface layers.
The propagating acoustic wave has a wavelength of ∼ 5µm, and is picked up by
a GHz resonant transducer array. Image processing of pulse data from a large
GHz sonic array enables submicrometer range resolution imaging of layers near
or below the surface. The effective focus of the transducer phased array can be
focused to acquire signals from a specific target surface to enhance resolution
and increase the SNR of sonic wavefront imaging.
With unique imaging mechanisms, SEAM will be promising in applications
such as nanoscale nondestructive subsurface structure imaging and biomechan-
ical cell imaging at a high speed corresponding to SEM scanning pace. In partic-
ular, it is a challenge to understand the role of mechanical properties that effect
biological function of cells and the internal building blocks of cells. For example,
cell stiffness can be indicative of early signs of eventual transition to a cancer-
ous cell. Being able to quantify cell wall stiffness and adhesion to other cells
and surfaces also can serve as indicators of abnormal cell development, which
can be controlled by external biochemical signals. Within the cell, the ability
to image the stiffness of the mitochondria, the nucleus, endoplasmic reticulum,
ribosomes, etc, might lead to an understanding of how modifications of genetic
code can modify the mechanical properties and how the mechanical properties
can effect cell function. However, at present there is no way to apply probe
forces on the nanoscale components within live cells. With SEAM it is possible
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to apply forces with a SEM that can be focused to a few nm. However, the conse-
quence of this will be the addition of charge into the cells that would potentially
effect cell function. Nevertheless, it seems plausible to explore the possibility
of investigating the potential of applying mechanical probes at the nanoscale to
insides of cells.
1.2.1 Nanoscale Elasticity and Thermal Properties Imaging
Different from SEM, whose contrast is mainly from different chemical compo-
sitions and surface topography, SEAM uses heat generated acoustic waves for
imaging. Amplitude of the acoustic waves is determined by the thermal and
elastic coefficients. This feature is used to study the mechanical properties of
the target specimen. Some applications of SEAM include the characterization
of grain structures of 2D materials such as graphene, microelectronic structures,
doping profiles, plastic deformation of crystalline metals, are discussed here:
• Grain Structure: In SEAM images, grains with different orientations have
brightness contrasts, even in a single phase crystal. The contrast comes
from the differences in elasticity. For boundaries of different materials, the
contrast might be attributed to different thermal properties in addition to
their elastic properties. SEAM could be used to study sub-surface grains
that cannot be shown in a SEM alone.
• Charging and dopant properties: SEAM images have been proven to show
dopant patterns. The contrast arises from the changes in thermal proper-
ties caused by dopant atoms. This advantage combined with the non-
destructive subsurface imaging ability makes SEAM a powerful tool in
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semiconductor imaging and microelectronics diagnosis [12], where dop-
ing variations effect device performance across a wafer.
• Lattice disruptions: For a highly ordered lattice, the fluctuation of acous-
tic signals is not detectable. However, thermal features (density, specific
heat, and especially thermal diffusivity) change significantly with small
adjustments, for example, the implantation of foreign ions or mechanical
defects. Apart from cracks or delaminations that can be detected by SAM,
small crystal defects are expected to be imaged by SEAM [12].
1.2.2 Bio-mechanical Cells Imaging
Biomechanical properties of cells and sub-cellular components play an impor-
tant role in understanding cell functions and human diseases. Mechanical stress
on cells has been proved to affect signal transduction [14], gene expressions [15]
and protein production [16]. This area of research focused on mechanobiology
is expected to yield new insights in the future [17, 18].
Some of the representative techniques for measuring the mechanical proper-
ties of individual cells and molecules include: Atomic Force Microscopy(AFM)
maps the topography of cells and local stiffness of the cells surface. The elas-
tic constant is frequency dependent and its measurement is restricted to DC –
100s Hz in AFM. AFM provides a lateral resolution of 100nm but sacrifices the
imaging speed [19, 20]. Also, the probe tip needs to tap or drag along the cell,
which applies a large lateral force on the cell and can possibly deform or damage
the specimen. Optical trapping (optical tweezer) can also be used to determine
the local stiffness. A bead is controlled by optical radiation forces and applies
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forces in the range of 1 to 200 pN on cells. The applied force has an oscilla-
tion frequency ranges from 0.1 to 6000Hz [21]. Optical tweezers can transform
cells with nanometer precision and obtain sub-micrometer resolution. Short-
comings of optical tweezer are the temperature rise (∼ 10◦C) due to the laser
power (250 - 500 mW). It also cannot be used in measuring fast dynamic cellu-
lar process (∼ s). Magnetic bead microrheometry is used in studying cells vis-
coelasticity. The bead can produce 100 - 10,000 pN forces and ∼ µm displacement
[22]. The final method – micropipette aspiration, one of the oldest techniques
for bio-mechanical measurements, is still a powerful tool in studying cellular
deformation. Force ranging from 0.01 - 1000 nN can be applied by micropipette
aspiration [23, 24].
Figure 1.3: The comparison of resolution versus imaging speed of bio-
mechanics measurements techniques.
The various developed techniques have either low resolution or low imaging
speed (Figure 1.3). We attempt to develop SEAM to image the biomechanical
properties very fast with relatively high resolution. The SEAM approach will
not need a bead or a particle label. It will be operated from kHz to GHz, which
will reveal the stiffness reaction at high frequency. Cells will be placed in a
buffer solution in a microfluidic device. The microfluidic device is covered with
8
Figure 1.4: Concept of imaging a single cell by gigahertz SEAM.
electron transparent silicon nitride windows [25]. An electron beam with power
from 1mW to 100mW, corresponding to 1pJ to 10nJ of energy per period, will
be deposited on the cells. The e-beam will generate a 0.01 - 10 Pascal stress in
the cell tissue. The microfluidic device is desired to be ultra thin so that the
liquid will not attenuate the signal significantly. The AlN transducers need to
be placed close to the sample area.
The goal of the work presented in this thesis is to take advantage of the
thermal and elastic properties and realizing higher resolution SEAM. The basic
phenomena and the generation of thermal acoustic wave will be discussed in
Chapter 2. The detection of the acoustic wave using piezoelectric transducers
will be covered in Chapter 3. Experimental details and the results will be de-
scribed in Chapter 4. A summary is given in Chapter 5, together with possible
pathways for improved results as future work.
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CHAPTER 2
ELECTRON BEAM GENERATED ACOUSTIC WAVE
The structure and operating principle of SEAM are illustrated in Figure 2.1.
SEAM is developed on the basis of a commercial scanning electron microscope
(SEM), which provides the electron source, focusing lens, scanning coils, speci-
men stage and vacuum chamber. A pair of electrostatic parallel plates is added
to realize beam intensity modulations. A piezoelectric transducer array is at-
tached to the rear side of the specimen for signal detection.
A chopped beam of electrons, serving as a local probe, is incident onto the
specimen. The periodically deposited e-beam can be assumed to be a heat flux,
which induces thermal expansion and compression. This thermal fluctuation
produces an acoustic wave with frequency strongly corresponding to the chop-
ping frequency (normally identical). The amplitude of thermal wave decays to
negligible within 1-2 wavelengths, but the acoustic wave it generates can propa-
gate through the substrate. Depending on the pixels location, the acoustic wave
propagates through different paths to the detectors, resulting in various ampli-
tudes, time and phase signals at the transducer pixels. Further image processing
will allow nondestructive and quantitative evaluation of mechanical properties
of the specimen.
This chapter will explore the signal generation source, the heat induced
acoustic wave, and the acoustic wave propagation in SEAM.
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Figure 2.1: (a) SEAM setup. The red parts label a pair of added electrodes
and a piezoelectric transducer mounted at the back side of the
specimen. (b) SEAM operating principle. The periodically
deposited e-beam induces thermal waves and acoustic waves
(Filled spot - interaction region, solid line - thermal wave, dash
line - acoustic wave).
2.1 Electron Absorption Generated Thermal Flux
When a focused electron beam is incident onto the specimen, a rich variety of
interactions are involved. The interaction volume determines the source size of
signals, which limits to the spatial resolution of SEAM. Therefore, it is impor-
tant to study how interactions happen between electrons and the specimen, and
what influence they have on the SEAM signals.
2.1.1 Electron-Specimen Interaction
The electron-specimen interactions are classified into elastic scattering events
and inelastic scattering events. Elastic scattering events change the direction
of propagation, while the kinetic energy of the incident electron remains con-
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served. Inelastic scattering events result in the energy transfer between incident
electrons and electron shells of the target atoms, accompanied by various forms
of energy loss [3]. Eventually, a significant portion of the total kinetic energy
of incident electrons is transformed into heat , which is the source of the elastic
wave. Most of the heat is generated within the interaction volume. A quantita-
tive study of the interaction size is needed to estimate the resolution obtainable
in SEAM.
Although the diameter of an electron beam probe can be narrowed down
to a few nanometers, the interaction range is determined by the scattering pro-
cesses. Both elastic scattering and inelastic scattering interactions contribute to
the final electron distribution profile. Bethe range estimates the traveling range
by integrating the average energy loss over the total electron kinetic energy.
However, it overestimates the interaction volume because the deviation in elec-
tron direction caused by elastic interactions is not taken into consideration. A
more appropriate expression of the interaction volume is the Kanaya-Okayama
Range (KO range). KO range considers the combined effects of all scattering
events. It treats the interaction volume as a hemisphere and gives the expres-
sion for interaction radius (in µm):
RKO =
0.0276AE1.670
Z0.89ρ
(2.1)
where E0 is the incident electron energy in keV , A is the target atomic weight in
g/mole, ρ is the target density in g/cm3, and Z is the target atomic number.
An exact expression for electron probe depth is hard to obtain mathemat-
ically. The Bethe range and KO range only take into account a limited num-
ber of influencing factors. Besides, the energy deposition is nonuniform inside
the volume. A numerical Monte Carlo simulation, instead, illustrates the in-
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teraction volume more precisely by incorporating a wide range of effects nu-
merically. Good quantitative agreement has been found between the calculated
energy dissipation profile and the experimental etching profile for polymethyl-
methacrylate (PMMA) (shown in Figure 2.2) [26].
(a)
(b)
Figure 2.2: (a) Etching profile of PMMA. (b) Comparision of experimental
data(left) with Monte Carlo calculation(right).
As the term ”Monte Carlo” suggests, the single trajectory of an electron is
generated randomly and cannot be replicated. However, simulations of over
104 electrons would provide a statistical interaction volume shape. Figure 2.3
shows the simulated volumes for incident electrons with different energies. At
low energy (≤1keV), the diameter of the focused e-beam spot affects the inter-
action volume significantly. As energy increases, the impact of the e-beam size
becomes negligible compared to the strong scattering events.
The size of the interaction volume largely depends on the energy of the pri-
mary e-beam (Figure 2.3, simulated with reference [27]). This can be understood
from the cross section Q ∼ 1/E2. Moreover, the travel distance for a single step
is estimated by the energy loss dE/ds ∼ 1/E (Bethe range [3]). As the e-beam en-
ergy increases, an electrons penetrates deeper before being scattered and travels
13
Figure 2.3: Monte Carlo simulation of interaction profile.The target mate-
rial is silicon. 104 electrons trajectories are plotted; beam width
used is 5nm for all cases.
Figure 2.4: Comparison between KO range and Monte Carlo Simulation
range. The material used is Silicon.
further until the total energy falls below to the cutoff range, which causes the
”tear drop” absorption pattern (Figure 2.2).
Figure 2.4 compares the interaction range from the KO prediction and the
Monte Carlo simulation. Results from these two approaches are of the same
order of magnitude. As energy increases, the mathematical calculation and the
numerical simulation match more closely.
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2.1.2 SEAM Resolution
The resolution of SEAM strongly depends on the heat generation region. The
heated area can be treated as a function of e-beam diameter dB, interaction depth
ds and thermal diffusion length dT . The e-beam diameter is determined by the
focusing lens of the SEM. The state-of-the-art SEM beam probe can be focused
down to a few nanometers [3]. However, the interaction depth and thermal
diffusion length can be much larger than the beam spot size (Table 2.1). The in-
teraction depth can be treated as the radius of the interaction volume discussed
in Section 2.1.1. The thermal diffusion length represents the distance that a ther-
mal wave can travel before decaying down to 1/e of the original amplitude. It
can be expressed as
d2T =
2κ
ω
=
2K
ωρC
(2.2)
where κ is the thermal diffusivity in m2/s , ω is the heating angular frequency in
Hz, K is the thermal conductivity in W/m◦C, ρ is density in kg/m3 and C is the
specific heat in J/kg◦C. Thermal diffusion length is a representation of the ther-
mal properties of the target material, as a function of the chopping frequency of
the electron beam. For example, thermal conductivity itself can be a function of
frequency [28, 29].
Considering all these impact factors, Cargill defined a total effective source
diameter to describe the resolution of the SEAM [1]:
D = (d2B + d
2
S + d
2
T )
1/2 (2.3)
As can be seen from Eq. 2.3, the e-beam size and energy, the chopping frequency,
and the thermal property all contribute to the resolution of SEAM. The decrease
of the effective source diameter D leads to better spatial resolution. Therefore, it
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Table 2.1: Acoustic wave source parameters with a 5MHz(up) and a
1.3GHz(down) chopped e-beam. Assume the beam size is dB
= 50nm. ds is calculated by KO range.
5MHz chopped beam with energy E = 30keV
Au Cu Al Si water
ds (µm) 1.69 2.88 8.22 8.31 18.75
dT (µm) 2.84 2.66 2.49 2.37 0.095
D (µm) 3.31 3.92 8.58 8.64 18.75
1.3GHz chopped beam with energy E = 10keV
Au Cu Al Si water
ds (µm) 0.27 0.46 1.31 1.33 2.99
dT (µm) 0.18 0.16 0.15 0.15 0.0059
D (µm) 0.32 0.49 1.32 1.34 2.99
is desired to use a higher chopping frequency for the shorter thermal depth and
a lower energy for the smaller interaction volume.
Values of effective source diameter D for several materials are shown in Table
2.1. Thermal parameters were used from reference [30, 31]. As can be seen,
thermal coefficients significantly influence the thermal diffusion length dT . For
high thermal expansion material such as metals, dT dominates the resolution
of SEAM imaging. Moreover, concerning the 30keV e-beam chopped at MHz,
thermal diffusion and electrons scattering have almost the same impacts on the
size of the heat source. At 1.3GHz chopping frequency, the thermal diffusion
length is ∼ 10 − 100nm. A few hundred nanometers range interaction depth ds
can be obtained with 10keV e-beam energy. The effective source diameter D
is controlled within a few hundreds nanometer, and leads to sub-micrometer
resolution with GHz-SEAM (Table 2.1).
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The previous SEAM images were obtained with chopping frequencies from
kHz to a few MHz and with e-beam energies from 10 to 30keV. Here, We inves-
tigate the performance of SEAM with e-beam being chopped at 1-2 GHz and
e-beam energy at 1-10keV. A GHz chopped e-beam produces a shorter wave-
length acoustic wave with better diffraction performances, and a smaller heat
generation volume. These factors are promising in pushing acoustic imaging to
the nanometer range.
2.1.3 Three Dimensional Imaging
SEAM is also promising in getting three dimensional structures of layers under-
neath the surface. This can be performed by varying the e-beam energy in order
to generate heat at different depths. The electron-specimen interaction profile
has a teardrop shape for high energy beam (Figure 2.2), and consequently most
of the heat is dissipated underneath the surface. The detected acoustic wave
carries the thermal information and the elastic properties of the heat source and
only the elastic information of the propagating medium. A 3D image of the
layers can be constructed from further image processing
2.2 Thermal Acoustic Wave Generation
Four mechanisms have been proposed to explain the acoustic wave generation
due to incident electrons: (1) the thermal gradient, (2) excess carriers, (3) piezo-
electric coupling, and (4) electrostrictive and magnetostrictive coupling. The
heat induced acoustic wave mechanism has been discussed by many authors
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in detail and plays a dominant role for most of the materials [32]. The latter
three mechanisms have been demonstrated in experiments, but theory has not
been developed in detail. The excess carrier mechanism [33] yields a reasonable
explanation for contrasts shown in metal and semiconductor cases. Some ce-
ramic materials might need to be analyzed with the piezoelectric effect [34, 10].
Ferromagnetic materials showed contrast suggesting magnetic coupling but the
result cannot be explained yet. We limit the scope of this thesis to the heat in-
duced acoustic wave.
When a time-varying e-beam is focused on the specimen surface, the ther-
mal fluctuations would produce a thermal wave and consequently an acoustic
waves. The thermal wave is a diffusive wave and decays to a negligible am-
plitude after traveling 1-2 wavelength (λthermal = 2pidT ) . However, the acoustic
wave generated by this thermal variation carries the thermal characteristics of
the SEAM source. The acoustic wave travels through the specimen and is de-
tected by the piezoelectric transducers at the rear side. To characterize the target
specimen, we have to relate the detected acoustic wave with the input heating
source.
2.2.1 Thermal Diffusion Equation
The thermal diffusion equation will be used to determine the local temperature
change due to incident electrons. Several assumptions are made on the period-
ically deposited e-beam:
1. The e-beam is treated as a uniformly distributed spot source. (The actual
electron beam obeys the Gaussian distribution and shows blur at the edge
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[35, 36].)
2. The absorbed energy is considered to be the kinetic energy of all incident
electrons except the backscattered portion.
3. All absorbed electron kinetic energy is transformed to heat.
4. The absorption of energy happens at the surface of the specimen.
The problem may be treated more accurately, but with greater difficulties, if the
exact amount of absorbed energy and heat distribution are taken into consider-
ation.
An e-beam of current (I) is accelerated by voltages (V). We neglect the energy
lost by all other forms except backscattered electrons (assumption 2). This can
be compensated to some extent by the overestimation of energy carried by the
backscattered electrons. The portion of backscattered electrons can be estimated
by [37]
ηBS = EmC (2.4)
where m = 0.1382 − 0.9211Z1/2 , and C = 0.1904 − 0.2235(lnZ) + 0.1292(lnZ)2 −
0.01491(lnZ)3. The power absorbed by the specimen is
P = (1 − ηBS )IV = ηIV (2.5)
where η is the absorbed electrons percentage. Considering assumption 1, the
deposited heat power density can be expressed as the absorbed power divided
by the e-beam size (Aebeam). After being chopped, the electron beam serves as a
harmonically varying heat flux
p =
η I V
Aebeam
exp( jωt) (2.6)
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For e-beam modulated by a square wave, the deposited power density can be
expressed as
psquare =
η I V
Aebeam
n∑
i=1
exp( jnω0t) (2.7)
where ω0 is 2pi times the chopping frequency. The high harmonic components
go beyond the bandwidth of the transducers, thus we can focus on the primary
frequency f0.
The temperature distribution can be obtained from the heat diffusion equa-
tion with a heat source at the boundary:
Governing Equation : K ∇2Θ = ρ C ∂Θ
∂t
Boundary Condition :
∂Θ
∂t
|sur f ace = 1
ρC
p
(2.8)
The temperature is determined by time and position independently. Consider-
ing a one-dimensional problem in the incident direction, the temperature can be
expressed as Θ(x, t) = f (x)g(t). The partial differential equation Eq. 2.8 can then
be converted into two ordinary differential equations. The ODEs can be solved
using the Wronskian, Frobenius or integrating factors method. The solution is
Θ =
η I V
Aebeam
(
κ
ω
)1/2 K−1 e j(ωt) e−x (
ω
2κ )
1/2 (1+ j) (2.9)
Note that the temperature mentioned represents the temperature changes above
the nominal temperature due to the electron bombardment.
Figure 2.5 displays the temperature distribution and thermal gradient distri-
bution with respect to the penetration depth. The local temperature decays to
zero within 1µm range, which agrees with the thermal depth range discussed in
section 2.1.2. The thermal depth is defined as the propagation distance where
the amplitude of the thermal wave decays by a factor of 1/e. The mathematical
expression of dT comes from Eq. 2.8.
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(a) (b)
Figure 2.5: Temperature distribution (a) and temperature gradient distri-
bution (b) along the incident x direction. (Calculated for a
chopped e-beam at 1.3GHz with power density 105 W/m2 shot
on silicon.)
Figure 2.6 demonstrates the absolute value of the temperature gradient as a
function of the chopping frequency and the penetration depth. The temperature
gradient decays quickly as the depth and the frequency increase. Therefore,
higher chopping frequency results in better resolution.
2.2.2 Acoustic Wave Equation with Heating Source
Having obtained the temperature distribution, we need to relate the local dis-
placement with the temperature change. The equation of motion illustrates how
thermal energy transforms to the mechanical domains and how the thermal
acoustic wave is generated.
The bombardment of electrons at the specimen surface causes a non-uniform
temperature distribution, which results in a thermally generated strain
S Θ = αΘ (2.10)
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Figure 2.6: Temperature gradient variation with respect to penetration
depth and chopping frequency. TOP: linear scale. BOTTOM:
Log scale.
where α is the thermal expansion coefficient. The mechanical stress T can also
produce deformation and mechanical strain S m. Their relation is described by
the constitutive equation
T = cS m (2.11)
where c is the stiffness elements of the matrix being considered (units N/m2).
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The total strain is a combination of both effects
S =
∂ui
∂x j
= S Θ + S m (2.12)
which could be written as
T = cS − αcΘ (2.13)
Obeying Newton second law F = ma , the stress are related with displace-
ment by [38]
ρ
∂2u
∂t2
= ∇ · T (2.14)
Substitution of Eq. 2.13 in Eq. 2.14 results in the equation of motion
ρ
∂2u
∂t2
= ∇ · (c∇u − αcΘ) (2.15)
As can be seen from Eq. 2.15, the thermal gradient serves as the driving force for
particle displacement. The thermal gradient is highly dependent on chopping
frequency (Figure 2.6) . As frequency increases, ∂Θ/∂x decays in the form ∼
1
ω1/2
e−x(ω/2κ)
1/2 . Also, two materials with large differences in thermal expansion
coefficient α, density ρ and Young’s modulus c would result in great contrast in
SEAM.
Considering the case of a traveling elastic wave in an isotropic medium, the
equation of motion can be simplified to
ρ
∂2u
∂t2
= (λ + 2µ)∇(∇ · u) − µ∇ × ∇ × u − α(3λ + 2µ)∇Θ (2.16)
where λ and µ are the Lame constants representing the modulus of elasticity.
The elastic displacement vector u can be written as a linear combination of the
gradient of a scalar and the curl of a vector quantities as
u = ∇φ + ∇ × ψ (2.17)
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Therefore, we have
∇ · u = ∇ · (∇φ + ∇ × ψ) = ∇2φ
∇ × u = ∇ × (∇φ + ∇ × ψ) = ∇ × ∇ × ψ (2.18)
5Apply the ∇ · operator to Eq. 2.16 to obtain
ρ
∂2
∂t2
∇ · u = (λ + 2µ)∇ · ∇(∇ · u) − µ∇ · (∇ × ∇ × u) − α(3λ + 2µ)∇2Θ (2.19a)
Substitute the displacement u with Eq. 2.17 and use the identity ∇ · (∇ × ψ) = 0
to get
ρ
∂2
∂t2
φ = (λ + 2µ)∇2φ − α(3λ + 2µ)Θ (2.19b)
This is the governing equation for the longitudinal wave traveling in an
isotropic medium. For a harmonic heat source, the wave number and propa-
gating speed are
kl =
ω2ρ
λ + 2µ
=
ω2
v2l
(2.20)
vl =
√
c
ρ
=
√
λ + 2µ
ρ
(2.21)
where ω is the angular frequency.
Apply the ∇× operator to Eq. 2.16 to obtain:
ρ
∂2
∂t2
∇ × u = (λ + 2µ)∇ × ∇(∇ · u) − µ∇ × (∇ × ∇ × u) − α(3λ + 2µ)∇2Θ (2.22a)
and use the identity ∇ × (∇φ) = 0, one can get
ρ
∂2
∂t2
ψ = µ∇2ψ (2.22b)
which is the governing equation for the shear wave. Shear wave factor and
wave velocity can be obtained in the same way as done for longitudinal waves.
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Figure 2.7 illustrates the behavior of a longitudinal wave and a shear wave.
The particle in a longitudinal wave moves along the propagating direction,
while in a shear wave the particle oscillates perpendicular to the traveling di-
rection [39]. When the radius of the heat source is much larger the thermal
wavelength, the impact of shear waves can be neglected as the heat source is
spreading over a region much larger than the thermal diffusion depth [40]. The
electron beam we used can only be focused down to ∼0.5mm, which is much
larger than the thermal wavelength. Therefore, we only consider the displace-
ment caused by longitudinal waves here. All excited waves should be taken into
account for a more complete and accurate prediction in SEAM. However, the as-
sumption of only longitudinal waves provides a simplified solution for particle
displacement and applied stress, enabling an insight into the signal amplitude.
Figure 2.7: Longitudinal wave and Shear wave.
To solve the longitudinal wave equation, Eq. 2.19 can be rewritten as
∂2
∂x2
φ + k2l φ =
αρ
v2l
Θ (2.23)
The temperature distribution from Eq. 2.9 can be written as [32]
Θ(x) = Θ0e−τx (2.24a)
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Figure 2.8: The heat induced stress dependence on chopping frequency.
where Θ0 = Θ(x = 0) =
η I V
Aebeam
( κ
ω
)1/2 K−1 and τ =
√
ω
2κ (1 + j). Define β as β =
(3λ + 2µ)α/ρv2L. Eq. 2.23 has the solution:
φ = αΘ0
1
τ2 + k2l
e−τx + A
−τβ
τ2 + k2l
e−iklx (2.25)
where A is a constant that need to be set by the boundary condition.
Knowing that u = ∂φ/∂x and the specimen surface is free ∂u/∂x|x=0 = −βΘ0,
the displacement is obtained as
u(x) = j
klβΘ0
k2l + τ
2
e− jklx − τβΘ0
k2l + τ
2
e−τx (2.26)
The strain and stress are (Eq. 2.12 and Eq. 2.14)
S xx =
k2l β Θ0
k2l + τ
2
e− jklx +
τ2 β Θ0
k2l + τ
2
e−τx (2.27)
Txx = ρv2l
k2l
k2l + τ
2
βΘ0(e− jklx − e−τx) (2.28)
As can be seen from Figure 2.8, the amplitude of the stress increases to a
peak at ∼260GHz chopping frequency, and then decreases. For the SEAM op-
erating frequency (kHz-GHz), a higher chopping frequency corresponds to a
larger stress where all other parameters including the source generation volume
remain constants.
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CHAPTER 3
ACOUSTIC WAVE DETECTION
The previous chapter discusses the the particle displacement and the stress due
to heat induced acoustic waves. In this chapter, we covers the techniques used
to measure those quantities. Piezoelectric transducers are used to transform
signals from the mechanical domain to the measurable electrical domain. The
current from a transducer can be measured by a trans-impedance amplifier or a
lock-in amplifier for high SNR.
3.1 Piezoelectric Materials
3.1.1 Piezoelectric Properties
In most materials, there is no coupling between the electrical and mechanical
domains. However, piezoelectric materials show unique properties such that
an applied stress changes their electrical polarization and induces electricity.
The constituent relations for piezoelectric materials are [41]:
T = cES − eE, D = eS + TE (3.1a)
S =
1
cE
T + dE, D = dT + TE (3.1b)
S =
1
cD
T + gD, E = −gT + 1
T
D (3.1c)
T = cDS − hD, E = −hS + 1
S
D (3.1d)
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Table 3.1: Piezoelectric coefficients
T Stress vector N/m2
S Stress vector m/m
E Electric field vector V/m
D vector of electric displacement C/m2
 Permitivity F/m
c Matrix of compliance coefficients m2/N
d Matrix of piezoelectric constants (charge) N/V
g Matrix of piezoelectric constants (voltage) m2/C
e Matrix of piezoelectric modulus (strain) C/m2
h Matrix of piezoelectric modulus V/m
The superscript represents the variable that is held constant.Table 3.1 gives the
piezoelectric coefficients and their units.
(a) (b)
Figure 3.1: (a) Sketch of the specimen assembly. The transducer is attached
at the back side of the top specimen (the polarization direc-
tion can be up or down). (b) Piezoelectric material in thickness
mode. a  c, b  c, polarized in the x3 direction.
Considering the geometric structure of our assembled specimen (Figure 3.1),
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the launched acoustic wave induced by the e-beam excites the crystal in its
thickness mode. Eq. 3.1b is used in the form
D3 = d33T3 + T33E3 (3.2)
Electrical signals from the transducers can be measured in voltage or current.
For a voltage measurement, the piezoelectric crystal introduces an open termi-
nal circuit. The output voltage is
V =
∫ t/2
−t/2
E3 dx3 =
∫ t/2
−t/2
(−d33
T33
T3) dx3 =
∫ t/2
−t/2
(−g33T3) dx3 (3.3)
where t is the thickness of the transducer. Assuming stress T3 is uniform across
the total thickness t, the voltage is estimated to be
V = −g33 t ρ v2l
k2l
k2l + τ
2
βΘ0(e− jklt − e−τt) (3.4)
For a current measurement, the short circuit current is
I =
d
dt
∫
D3 dA =
d
dt
∫
d33T3 dA = ω
∫
d33T3 dA (3.5)
where A is the area of a piezoelectric transducer in the x1 and x2 directions.
Assume the wave distributes uniformly in the x1, x2 cross section. The current
becomes
I = ω A d33 ρ v2l
k2l
k2l + τ
2
βΘ0(e− jklt − e−τt) (3.6)
The trans-impedance amplifier can be used to change the current to measurable
voltage.
3.1.2 Resonances of PZT Transducers
Piezoelectric materials have frequency dependent polarization. Assuming non-
linearity is small, the periodic stress is transformed into the electrical domain
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at the same frequency. For a piezoelectric transducer operating in the thickness
mode, the electrical impedance is [42]
Z =
1
jωC0
[1 − k2T
tan(γt/2)
γt/2
] (3.7)
where C0 is the clamped capacitance of the transducer, kT =
k233
1+k233
and k233 =
e233
 sz cE33
,
γ = ρω
2
cD33
(1 − η j
ρω
) and η is the lossy factor. It has the equivalent circuit shown in
Figure 3.2 [43]. The impedance frequency dependence is displayed in Figure
3.3 [43]. As frequency increases, a piezoelectric plate approach its resonant fre-
quency fm first, at which the transform efficiency between the electrical domain
and the mechanical domain is the highest. As the frequency keeps increasing,
the plate reaches the anti-impedance fn at which the impedance is a local maxi-
mum.
Figure 3.2: Piezoelectric trans-
ducer equivalent circuit.
Figure 3.3: Piezoelectric material
impedance curve in thickness mode.
The mechanical quality factor Qm of the material is defined as the energy
stored divided by the energy dissipated over one period. For piezoelectric ma-
terials, Qm is [43]
Qm =
f 2n
2pi fmC0Zm( f 2n − f 2m)
(3.8)
where C0 is the clamped capacitance (Figure 3.2), fm, fn are the resonance and
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anti-resonance frequencies (Figure 3.3) and Zm is the impedance at fm. Higher
Qm results in more energy transferred to the electrical signal, and thus a higher
signal to noise ratio measurement at this frequency .
3.2 Piezoelectric Phased Arrays
In previous SEAM work, the detectors used are bulk piezoelectric transducers.
We plan to use a phased transducer array to get higher resolution.
The phased array can be used to study anisotropy in wave generation due
to electron beam bombardment in the specimen. As the name ”phased” sug-
gests, the transducer arrays can tell the time differences among received signals.
Based on the wave physics and antenna array theory, a pattern of the source re-
gion can be investigated.
3.3 Approaches for High Signal-to-Noise Ratio Detection
In electrical measurements, it is desired to have a large Signal-to-Noise Ratio
(SNR). Two approaches can be used in SEAM to improve the SNR.
Trans-Impedance Amplifier(TIA): TIA converts current to voltage (Figure
3.4). It can be used to magnify the current generated by a piezoelectric trans-
ducer. Following the op amp golden rules, there is no voltage difference be-
tween the positive and negative inputs. The generated current flows through
the feedback resistor R f , and gives an output voltage
VT IA = −IR f (3.9)
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Figure 3.4: Trans-impedance amplifier circuit diagram.
In SEAM, the piezoelectric material can be modeled as a current source owing
to the constitutive equation. The transducer is ground connected at one side
and is connected to the TIA virtual ground at the other electrode. Stress induced
current would be amplified by the feedback resistor with a value of R f . Combing
with Eq. 3.5, the output voltage versus stress input is:
VT IA = −ω
∫
d33T3dA × R f (3.10)
Lock-in Amplifier: A lock-in amplifier extracts the signal at the desired fre-
quency and rejects noise outside the band frequency range. The lock-in ampli-
fier can narrow the bandwidth and subtract small voltage signals. In SEAM, the
chopping frequency is normally set to be the reference frequency, whereas using
2f or 3f might result in novel nonlinear imaging [44].
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CHAPTER 4
EXPERIMENTAL RESULTS
4.1 Experiment Apparatus
Equipment setup is shown in Figure 4.1. A Kimball Physics EMG4212 Electron
gun was used to generate an e-beam of 10–100µA current. A 1 − 10kV acceler-
ating voltage was employed on electrons emitted from the filament. The spot
size of the e-beam was focused to ∼0.5mm in diameter. A chopping system and
transducer output feedthroughs were added for thermal acoustic signal gener-
ation and detection.
Figure 4.1: Equipment Setup
A deflector was mounted across the e-beam path. A grounded phosphor
screen with a hole in its center was placed right in front of the specimen. This
phosphor screen is used to locate the e-beam position and to block the electrons.
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Only part of the deflected electrons can go straight into the hole and reach the
specimen surface. Other electrons are blocked by the phosphor screen. Accord-
ingly, the e-beam energy deposits intermittently on the specimen surface. The
output from the transducer was fed to a preamplifier or a TIA. The specimen
was fixed on a NewPort AG-LS25-V6 X-Y stage for scanning imaging.
Different deflectors were used for MHz and GHz e-beam blanking. To obtain
MHz chopped e-beam, a commercial pulse junction box (Kimball Physics part
# 49-000040) was used to drive a pair of blanker plates inside the electron gun
system. A function generator followed by a voltage amplifier (Tabor Electronics
MODEL A10160) supplied a voltage of 10 - 34V on the deflector. However, the
junction box and blanker is not compatible with 1-2GHz chopping frequency.
A customer-made deflector was used to realize a GHz chopped e-beam (Figure
4.2). The deflector is simply a pair of single side PCB plates with a 10cm length
and a 1cm width. The gap between the two electrostatic plates is 0.6cm. A RO-
HDE SCHWARZ SMC 100A GHz function generator following with an OPHIR
5205 power amplifier was used to supply a harmonic wave of tens of volts on
the deflector. A 50ohm resistor and a Screw Tuners(MODEL 1643N) are added
in series with the plates for impedance matching. Without tuning, most of the
forwarded power would be reflected back to the power amplifier.
We tried to use the same deflection setup to realize f and 2 f chopping fre-
quencies. A periodic voltage with frequency f was applied on the deflector,
which deflect the e-beam spot to a line. When the e-beam line is placed at the
edge of the passing hole, the e-beam is chopped with frequency f . Alternatively,
the e-beam line can be placed across the passing hole as shown in Figure 4.3.
Electrons sweep across the hole which produces a 2 f chopping frequency. The
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(a)
(b)
Figure 4.2: Deflector sketch(a) and picture(b).
2 f component was observed in experiments, but with a much smaller ampli-
tude compared to the f chopping case. This was due to the deficient deflection
length (Figure 4.3 Experiment case). If the e-beam size is focused to a suffi-
ciently small diameter and the deflection length is large enough, a 2 f chopping
frequency should be easily realized.
Figure 4.3: Concept of 2f chopping.
The e-beam was modulated at MHz and GHz. Both cases used a silicon chip
as target specimen. The MHz acoustic wave was detected by a 4cm×4cm×0.5mm
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Table 4.1: Piezoelectric material parameters
Material d33 r g33
PZT (APC840) 290 pC/N 1275 26.5 ×10−3Vm/N
Alumina-Nitride 5.5 pC/N 4.84 128×10−3Vm/N
Lead zirconate titanate (PZT) transducer, which was glued to the rear side of a
silicon chip with superglue (3M Scotch-Weld CA40). The GHz acoustic wave
was picked up by a 0.5mm diameter, 2µm thick aluminum-nitride (AlN) trans-
ducer, which was fabricated at the Institute of Microelectronics. A summary of
their elastic properties and piezoelectric parameters are listed in Table 4.1.
4.2 Results with PZT Transducers
The output from the PZT was fed into a customer-made TIA with a 20K feed-
through resistor, and then connected to an Agilent Infiniium Oscilloscope 1MΩ
port to display the signal.
The impedance frequency dependence was measured with an Impedance
Analyzer (Figure 4.4), which shows two resonance frequencies at 3.85MHz and
4.56MHz. A Q factor of 6.05 was calculated from Eq. 3.8 given the resonant
frequency and impedance values shown in Figure 4.4. The deposited power
density is ∼ 106W/m2 (Eq. 2.6). With a ∼ 5MHz chopping frequency, the stress
launched at the PZT transducer is ∼ 0.2N/m2 (Eq. 2.28) and the output voltage
from the TIA is estimated to be ∼ 7 × 10−4V × Qm = ∼ 4 × 10−3V (Eq. 3.5 and Eq.
3.9).
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Figure 4.4: PZT impedance as a function of the driven frequency.
Figure 4.5: SEAM signal(from TIA) as a function of the chopping fre-
quency.
Figure 4.5 displays the electron acoustic (EA) signal as a function of the chop-
ping frequency. The EA signal behaves resonant at 4.4MHz, which corresponds
to the resonance frequency fm. Anti-resonance frequency fn does not appear be-
cause the amplitude of the voltage drops below the noise level. The resonance
frequency of the EA signal shows a shift compared to the one measured by
the impedance analyzer (Figure 4.4), which is due to the parasitic capacitance
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or inductance introduced by the wire connections, the piezoelectric impedance
changes due to the temperature and pressure variations, or even the assembly
of specimen on the XY stage. The amplitude of the EA signal is close to the es-
timated voltage ∼ 4mV . The small decrement comes from the overestimation of
the Qm factor or extra resistances caused by the wire connections.
A pulse test was done on the electron acoustic signal with a PZT transducer.
A pulse test applies a voltage pulse containing several wave cycles on the de-
flector, and consequently generates a pulsed e-beam. The time-varying e-beam
generates an acoustic wave, which takes propagating time t = specimen thicknesslongitudinal wave speed
to arrive at the transducer surface. Consequently, the EA signal displays a time
delay compared to the triggering voltage. Pulse tests for PZT are relatively hard,
because the MHz acoustic wave has a ∼ µs period, which is longer than the
propagating delay time. In experiments, voltage with two cycles of a 4.5MHz
wave was applied to minimize the overlap between electron acoustic signal and
the voltage triggering signal. As can be seen from Figure 4.6, the PZT output
shows a ∼ 106ns time delay compared to the input signal. The traveling time
in the specimen is estimated to be t = tsilicon/vL = 59.3ns, which agrees with the
detected output response considering extra delay due to wire connections.
4.3 Results with AlN Transducers
The same e-beam energy and calculation steps were applied to the estimation
of the GHz EA signal. The output voltage of the AlN transducer was calculated
to be ∼ 10nV from Eq. 3.4. Because the size of the AlN pixels are much smaller
than the PZT transducers, the signal amplitudes drop even when the frequency
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Figure 4.6: Pulse test on PZT.
increases. The output signal is amplified by a RedBox Amplifier, providing an
18dB gain (the TIA is not compatible with GHz frequency). The final signal
amplitude is expected to be ∼ 80nV , which is very small to capture. However,
a lock-in amplifier might be able to capture it after further amplification. Scope
used here is a LeCroy 8500A Wavemaster 5 GHz storage oscilloscope, which has
a 5GHz bandwidth and 10GS/s sample rate.
Measurements from the AlN transducer in the time domain is displayed in
Figure 4.7 , with a 1.5GHz chopping frequency. When the e-gun is off, the out-
put still displays a harmonic wave oscillating at the chopping frequency, which
comes from the RF radiation signal produced by the deflector. Figure 4.8 com-
pares the output signals of a AlN pixel in the frequency domain with the e-gun
on and off. As the e-beam energy increases, the signals with the e-gun on be-
come slightly bigger than the cases where the e-gun is off. This increment is
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Figure 4.7: AlN output from a scope (E-beam energy 6keV).
caused by the increase of the acoustic wave amplitude as the e-beam energy
rises. Further experiment modifications are needed to get rid of the RF cou-
pling.
Several failed attempts were made to eliminate the RF impact. A Faraday
cage was made to block the electromagnetic field (Figure. 4.9). The RF back-
ground was attenuated a little bit by the cage, but still showed a few mV am-
plitude. The failure might be due to an open slot used for wire connections.
Another approach used two identical AlN pixels. One pixel was exposed to
the chopped e-beam, while the other one was hidden away from the electrons.
The RF coupling is expected to be canceled by subtracting signals from the two
pixels. However, experimentally these two pixels cannot be exactly the same.
It is hard to eliminate the differences in wire bonding connections and spatial
positions. Figure 4.10 displays a pulse test done on the AlN pixels. The phase
difference between two ”identical” pixels has been removed by MATLAB. Sev-
eral reflected wave packets are observed, but only some of them are due to the
acoustic wave. The acoustic wave propagates through the specimen and ar-
rives at the transducer surface with a delay time t, and consequently causes
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Figure 4.8: FFT plot of AlN output with electron gun on and off (Sampling
frequency: 130GHz).
reflected waves at 3t, 5t, · · · While the electromagnetic wave travels to the AlN
surface with the speed of light and excites the transducer almost instantly. This
RF coupling generates reflected wave packets at time 2t, 4t, · · · The acoustic in-
duced signal is expected to happen between RF coupling wave packet, which is
shown in Figure 4.10. The amplitude of the acoustic wave is small and attenu-
ates quickly. Further improvements are required in improving SNR.
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Figure 4.9: Faraday cage.
Figure 4.10: Subtracted Pixels Signal
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK
In this work, a detailed derivation of the heat induced acoustic wave genera-
tion, propagation and detection are given. The developed model demonstrates
that the resolution of the SEAM signal mainly depends on the e-beam chopping
frequency, electron energy, and the specimen thermal and elastic coefficients. It
also shows that GHz-SEAM is capable of producing 10-100nm resolution im-
ages. In the experimental section, we display the results with an e-beam modu-
lated at 4.5MHz and 1.3GHz. MHz EA signals were detected by PZT transduc-
ers, and are in a good agreement with the theoretical estimation. GHz acoustic
waves were picked up by AlN pixel transducers. The GHz EA signals were
detected, but suffered significantly from the RF coupling. Further experiment
modifications are needed to improve the SNR and to eliminate the RF coupling.
With the results of our experiment, we conclude that GHz-SEAM shows po-
tential for nanoscale mechanical properties imaging and bio-mechanical cells
imaging.
As covered in the previous chapter, future work involves improving the
SNR. Possible approaches include: making GHz lock-in amplifiers, applying
high gain GHz-TIA, and optimizing circuit design to reduce noise out of band.
The realization of GHz-SEAM would provide a nanoscale, 3D imaging methods
for understanding the mechanical properties of various materials.
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